The steel-matrix composites locally reinforced by in situ TiC particulates were successfully fabricated via the SHS-casting route using a Cu-Ti-C system. Effects of Cu content in the Cu-Ti-C system on the microstructure, hardness and wear behavior of the composites were investigated. The results showed that the locally reinforced regions in the steel matrix composites consisted mainly of TiC, Cu and austenite. The hardness and wear resistance of the locally reinforced regions were significantly higher than those of the matrix. With the increase in the Cu content, the hardness value decreased monotonically, while the wear resistance of the reinforced region first increased and then decreased. The composites fabricated using the 20-30 wt.% Cu-Ti-C system had the best wear resistance. The wear characteristics were microcutting and abrasive wear under the condition of low and/or moderate load (50-90 N). Moreover, with the increase in Cu content and the applied load (90-110 N), the adhesive wear could also be clearly observed on the wear surface of the test samples besides the micro-cutting and abrasive wear.
Introduction
It is well established that the steel is the most widely used metallic structural material in industry. However, for various applications, the wear resistant parts require steel to possess superior hardness and wear resistance. 1) In order to improve the wear resistance of metal materials, the incorporation of ceramic particulate reinforcements into steel matrix to produce composites with excellent wear resistance has been extensively researched. [2] [3] [4] [5] Among various ceramic particulates, TiC is expected to be the best reinforcements for steel matrix composites due to its high hardness (3 000-3 200 HV), high modulus of elasticity, high melting point (3 067°C), high chemical and thermal stability, excellent wear resistance, good wettability and relative stability with steel matrix. [6] [7] [8] Self-propagating high-temperature synthesis (SHS) provides an attractive alternative to produce in situ TiC ceramic particulates reinforced steel matrix composites. Compared to other methods such as conventional melting and casting, 9) powder metallurgy 9) and reactive sintering, 10) SHS offers advantages with respect to simplicity, economy and high efficiency. SHS reaction is highly exothermic in nature, and if the reaction is ignited it can become self-sustaining. Thereafter, the exothermic character of the reaction provides the energy required for its completion in the whole sample. [11] [12] [13] However, its inherent drawback is the presence of porosity in the products. 14) The pores can influence the wear resistance property of the steel matrix composites greatly. Therefore, this process must be combined with a densification step. The SHS and traditional casting routes provide an easy process to produce near fully dense locally reinforced steel matrix composites. 1, 15, 16) The general procedures are that the molten steel was poured into a sand mould where the reactant compacts were preplaced and fixed using locating pins. The surface region of the compacts was rapidly heated by the high-temperature steel melt and the reactants were ignited to form ceramics. Meanwhile, the steel melt infiltrated into the porosity of reacted compacts. Using this method, the ceramic particulates locally reinforced steel matrix composites can be prepared successfully. The formation of clean, ultrafine and stable in situ TiC ceramic reinforcements in the steel matrix also makes for the improvement of mechanical properties of the composites. 17) Recently, TiC particulate locally reinforced steel matrix composites fabricated by SHS-casting route from a Metal (Me)-Ti-C systems (Metal: Al, Cu, Ni, Fe and so on) have been the subject of extensive investigations. [16] [17] [18] [19] These studies demonstrated the feasibility as well as the microstructure, phase composition and wear resistance of TiC ceramic particulate locally reinforced steel matrix composites from Me-Ti-C systems via the SHS-casting route. However, the wear behavior of TiC ceramic particulates locally reinforced steel matrix composites has not been well explored so far.
The applied nominal loads, sliding speeds, temperature and sliding distance, etc. are the experimental factors influencing wear characteristics. 20) Thus, in the present study, we prepared TiC particulates locally reinforced steel matrix composites using a Cu-Ti-C system via the SHS-casting route. The effects of the Cu content on the microstructure and hardness of the composites were reported. The wear behavior of the composites has been studied using a dry sliding friction and wear testing machine under different applied loads.
Experimental Details
The starting materials were made from commercial powders of Cu (99.5%, ~6 μm), Ti (99.5%, ~25 μm) and C (99.9%, ~38 μm), respectively. Ti and C powders with a ratio corresponding to that of the stoichiometric TiC mixed with 10 wt.%-50 wt.% Cu contents were used for the powder blends. The reactant powders were mixed in a stainlesssteel container for 6 h to ensure the homogeneity, and then pressed into cylindrical compacts (about 22 mm in diameter and 14±2 mm in length) using a stainless steel die to obtain densities of 65±2% theoretical density. After being dried in a vacuum oven at about 300°C for 3 h to remove any trace of moisture, the compacts with various Cu contents were placed on the bottom of the sand mold.
The main composition of manganese steel was given in Table 1 . The steel melt was prepared in a 5 kg mediumfrequency induction furnace in air environment. Subsequently, the manganese steel melt with the temperature about 1 500°C was poured into the sand mold to ignite the SHS reactions of the compacts. After solidification and cooling, composite castings were removed and sectioned in the side position.
The hardness of the samples was measured according to the Rockwell hardness tester. The average value of the hardness was got from six individual measurements. The morphology and microstructure of the samples were examined using scanning electron microscopy (SEM) (Model JSM-5310, Japan) together with energy-dispersive spectrometry (EDS) (Model Link-Isis, Britain). The phases were identified using X-ray diffraction (XRD) (Model D/Max 2500PC Rigaku, Japan).
The dry sliding wear experiments were conducted on the MG-2000 pin-on-disc dry sliding wear tester under the applied load of 50 N, 70 N, 90 N and 110 N in air at room temperature. The pin specimen was 6 mm in diameter and 12 mm in length. The mating disc of 70 mm in diameter and 15 mm in thickness was made of H13 steel of hardness 49±1 HRC. The centerline average surface roughness of the mating disc was 1.6 μm. Before the beginning of sliding wear test, the mating disc was cleaned in acetone using ultrasonic vibrator for 10 min. The surface of samples was polished to roughness 0.63 μm for a closer contact with friction pair. The samples were thoroughly cleaned with acetone in ultrasonic vibrator for 10 min before and after the wear test, then dried and weighed by the electronic balance which has the precision of 0.01 mg. Wear resistance was measured by mass loss. Each data was taken from the average of three parallel test results. The sliding wear tests were performed at a constant rotating speed of 200 rpm, and wear time was designated as 10 min.
Results and Discussion

Phase Composition and Microstructure of the Steel
Matrix Composites The steel matrix composites locally reinforced with in situ TiC ceramic particulates were successfully fabricated via the SHS-casting route using a Cu-Ti-C system with various Cu contents. Figures 1(a)-1(c) show the interface micrographs of the TiC ceramic particulates locally reinforced steel matrix composites fabricated in the Cu-Ti-C system with 10, 30 and 50 wt.% Cu contents, respectively. It can be seen from Figs. 1(a) and 1(b) that the metallurgybonding between the reinforced region and the matrix of the steel matrix composite is strong. However, the interface bonding of the composites with 50 wt.% Cu content is poor, as shown in Fig. 1 
(c). Figures 2(a)-2(c)
show the distribution of pores and blowholes in the locally reinforced region in the steel matrix composites fabricated in the Cu-Ti-C system with 10, 30 and 50 wt.% Cu contents, respectively. The incompact microstructure of the sample with 10 wt.% Cu can be clearly seen from Fig. 2 (a), while few pores and blowholes can be found in the locally reinforced regions of the composites fabricated by the Cu-Ti-C system with 30 and 50 wt.% Cu contents. It reveals that near fully dense locally reinforced composites can be successfully fabricated in the Cu-Ti-C system with 30 and 50 wt.% Cu contents. The explanation of this phenomenon can be described in the following ways. The ignition time of Cu-Ti-C system with various Cu contents is much shorter than that of the solidification time of the steel melt. With the increase of Cu content, the ignition time increases monotonously. Because of the violent SHS reaction, the high combustion temperature results in the existence of high amount of pores in the reacted compacts. The high Cu content leads to the lower combustion temperature, which means that fewer amount of pores present in the reacted compacts. With the increase of Cu content, because of the low combustion temperature, the steel melt owns the sufficient time to infiltrate into the reacted compacts. Therefore, fewer amounts of pores and blowholes can be found in the steel matrix composites. So with the increase of Cu content, the pores and blowholes become fewer. XRD patterns of the locally reinforced austenite manganese steel-matrix composites fabricated using the Cu-Ti-C system with 10-50 wt.% Cu contents are shown in Fig. 3 . It can be clearly seen that the composites mainly consist of TiC, Cu and austenite, which ensures the formation of TiC reinforcements in the steel matrix. This phenomenon confirms the completion of the reactions and the absence of any intermediate phases. The change of the amount of the reinforcements embedded in steel matrix results in the variation of the peak value, as shown in Fig. 3 . The SEM microstructures of the locally reinforced region synthesized using the Cu-Ti-C system with 10, 30 and 50 wt.% Cu contents are shown in Figs. 4(a)-4(c) , respectively. The micrographs show the morphology and distribution of TiC particulates reinforcements produced in situ in steel matrix. It indicates that the TiC ceramic particulates with near-spherical shape in the locally reinforced regions exhibit a relatively uniform distribution. With the increase in Cu content, the size of the ceramic particulates in the locally reinforced regions decreases.
The dwell time at high temperatures and the maximum combustion temperature affect the particulate growth of TiC. A higher combustion temperature and a longer dwell time significantly promote the crystal growth. The addition of Cu is the key component for the dissolution-diffusionprecipitation mechanism of the formation of TiC. The particulate growth of TiC is an exponential function of the combustion temperature. With the increase of Cu content, the dwell time at high temperature decreases monotonously. The combination of these two factors results in the size of the particles decrease with the increase of Cu content. Moreover, the increase of liquid metal surrounding ceramic particulates reduces the driving force for ceramic particulates growth and prevents the sintering among ceramic particulates to form larger particulates. Therefore, with the increase of Cu content, the sizes of the TiC particulates turn to be smaller. More details about the explanation for this phenomenon are given in a previous article. Figure 5 shows the SEM and EDAX patterns in the TiC reinforced regions of the locally reinforced steel matrix composites. From Fig. 5 it can be clearly found that the locally reinforced region consists of Fe, Mn, Ti, C and Cu. The surrounding phase of TiC particulates is austenite and Cu, which means that the steel melt infiltrates into the reacted compacts forming the steel matrix composites by SHScasting method successfully.
21)
Hardness
The hardness value of the steel matrix and locally reinforced regions are shown in Table 2 . According to Table 2 , the hardness values of the reinforced region are significantly higher than those of the matrix. With the increase in Cu content, the hardness of the reinforced region decreases monotonically. It can be clearly seen that the hardness of steel matrix composites with 10 wt.% Cu contents is more than 1.5 times and 1.8 times as that of the 30 wt.% and 50 wt.% Cu contents, respectively. Even though the number of the pores is greater than that of the other samples, the hardness of the samples with 10 wt.% Cu content is higher than that of the other ceramic particulates reinforced steel matrix composites The improvement of the hardness is mainly attributed to the presence of high volume fraction of TiC ceramics.
Wear Behavior 3.3.1. Friction Coefficient
Typical variation of friction coefficient measured during the dry sliding tests conducted at the applied load of 50 N and 110 N is shown in Fig. 6 . According to the results of the test, the lowest friction coefficient occurred for the steel matrix. Moreover, with the increase of applied loads, the friction coefficients decrease monotonously. Stabilization of the friction coefficient occurred about 30 seconds later. The initial low friction coefficient is due to contact between oxide layers of the pin samples and the discs. However, within a short period, the friction coefficient raised to an approximate steady-state friction. After this period, the metal-to-metal contact caused an increase in the friction coefficient. The duration about the breaking and removal of surface oxide layer was more or less the same for the steel matrix composites investigated. 22, 23) With the further sliding, all the samples reached to a steady-state friction. The presence and the accumulation of the wear debris leaded to the sharp variation of the curve.
The steady-state friction coefficients of all test samples under different applied loads are given in Fig. 7 . A distinct variation between the steady-state friction coefficients and the applied loads can be clearly seen. With the increase of the applied load, the steady-state friction coefficients decrease monotonously, but the decrement of the friction coefficient becomes smaller. Under all applied loads, the steel matrix exhibits the lowest friction coefficient. The existence of TiC ceramic contributed to the increase of the friction coefficient. Presence of the loose debris on the contact surface between pin and disc leads to the fluctuant variation of the friction coefficient. From Figs. 6 and 7 we can conclude that this kind of steel matrix composites can be wildly used in the high load working condition.
Wear Characteristics
The wear mass loss of the pins based on the weight measurements was carried out before and after the wear tests. From the wear results shown in Fig. 8 , it can be seen that the mass loss of the ceramic particulates reinforced steel matrix composites is less than that of the steel matrix, which indicating that TiC ceramic is beneficial to the improvement of wear resistance. The wear loss is considered to be resulted from the removal of material chips from the binder phase due to the micro-cutting of the abrasive particles. Moreover, with the increase of the applied loads, the wear mass loss of the composites increases rapidly, indicating that the steel matrix can deform and remove the material from the composites progressively. With the increase of the Cu content, the wear mass loss of the TiC ceramic particle reinforced steel matrix composites decreases first and then increases. Under all the applied loads investigated, the wear mass loss of the samples with 20 wt.% and 30 wt.% Cu contents is lower than that of the other samples. The appearance of TiC ceramic particulates enhances the wear resistance of the composites. Even though the composites with 10 wt.% Cu content own the highest hardness as compared to the composites with 20 and 30 wt.% Cu content, the relative large amount of pores and blowholes result in its high wear mass loss. The reasons can be explained in the following ways. With the progress of sliding friction, the stress concentration occurs easily at the interface between pin and disc because of the plastic deformation on the wear surfaces of pins and discs. The existence of pores and blowholes reduces the bonding between TiC and austenite that around pores and blowholes, which reduce its wear resistance. Because of the low amount of pores and blowholes and the small size of TiC ceramic particulates, the composites with 40 and 50 wt.% Cu contents own the high density. However, its hardness is the lowest among the composites. TiC hard particles act as load-bearing role in friction process. The small size of TiC particulates results in the low load-bearing ability and the low hardness enhances the degree of wear and tear, which leads to the high wear mass loss. Moreover, because the hardness and the size of TiC for the composites with 10 wt.% Cu content are higher than those of the composites with 50 wt.% Cu content, respectively, the wear mass loss of the former is lower than that of the later. The composites with 20 and 30 wt.% Cu contents own the relatively high hardness and size of TiC particulates, leading to the highest wear resistance among steel matrix composites. Compared with Fig. 7 , the steady-state friction coefficient of the ceramic particle reinforced steel matrix composites samples is higher than that of the steel matrix, but the wear mass loss is lower than that of the steel matrix. As a result, ranging from 20 wt.% to 30 wt.% is the optimal addition of the Cu content. Comparing the hardness and wear mass loss of composites, it can be concluded that the wear loss strongly depends on the reinforcement content in the steel matrix composite. Figure 9 shows the SEM micrographs of the worn surfaces of the steel matrix and its composites tested under the Fig. 7 . Steady-state friction coefficient of samples investigated. Fig. 8 . Mass loss of samples investigated at different loads.
applied loads of 50 N and 110 N. It can be observed that the scratch severity of the steel matrix samples (Figs. 9(a) and 9(b)) is more serious than that of the TiC ceramic particle reinforced steel matrix composite samples (Figs. 9(c)-9(l)).
As the load increases, the morphology of the worn surfaces changed from indistinct to clarity. Apparently, the worn surfaces are characterized by many long continuous grooves. During the wear process, the mating discs plough across the surface of the pins and eventually remove or push material into ridges along sides of the grooves forming the long continuous grooves. Under a applied specific normal load (50 N or 110 N), it can be clearly and directly seen that the scratch severity of the samples with 20 wt.% and 30 wt.% Cu contents (Figs. 9(e)-9(h)) is fainter than that of the other ceramic particle reinforced steel matrix composite samples. It should be due to the appropriate size and the uniform distribution of hard TiC reinforcements on the worn surfaces of the steel matrix composites. With the increase of the Cu content, the number and size of the pores and blowholes decrease in the locally reinforced region. The perfect combination of these factors are beneficial to the wear resistance of the steel matrix composites with 20 wt.% to 30 wt.% Cu contents.
With a magnified view in the upper right corner of the pictures, the wear debris of the samples can be clearly observed, which suggests that the wear process governed by micro-cutting, abrasive wear and adhesion friction mechanism. Under a specific applied load (50 N or 110 N), with the increase in Cu content, more and more wear debris appeared on the wear surfaces. With the low Cu content, the micro-cutting characteristic occupies the main position, as shown in Figs. 9(c) and 9(d). Figure 2(c) shows the compact microstructures of the test samples that added high Cu content. However, because of low content of TiC ceramic particulates, the composites own the low hardness, which leads to the low wear resistance of the test specimen. During the dry sliding friction process, under the action of loads, the appearance of the stress concentration phenomenon around the pores led to the exfoliation of TiC ceramic particulates that gathered around the pores, which decreased the wear resistance. Meanwhile, the wear debris enhanced the microcutting on the surface of the test samples. Furthermore, careful examination of the SEM micrographs reveals that the reinforcing particles are exposed on the worn surface of the specimen. It can be clearly seen from the micrographs that the reinforcement are resided on the top surface of the steel matrix composite after sliding. No cracking and separation of particles from the steel matrix can be found in Figs. 9(c)- 9(l). Therefore, the reinforcing particles are very effective to increase the wear resistance. It is considered that the steel matrix deforms the alloy of the samples during the early stages of friction and causes micro-cutting and grooving on the surface of steel matrix as shown in Fig. 9 . Subsequently, the steel matrix chips are removed from the grooves formed on the surface, thereby exposing the hard reinforcement. Because of the hardness of steel matrix is lower than the TiC particles, micro-cutting is dominant wear mechanism of the steel matrix composite samples. In the case of the relative low applied load, the binder phase is protected by the hard TiC particles, the wear mechanisms are micro-cutting and abrasive wear. However, when a relative high load applied on the samples the wear mechanism are micro-cutting, abrasive wear and adhesive wear. The reasons for the appearance of the adhesive wear can be concluded as follows. Many copper existed in the wear debris. From Fig. 3 , it can be observed that the locally reinforced regions in the steel matrix composites mainly consist of TiC, Cu and austenite. Cu served as the diluent and binder during the preparation of TiC ceramic particle reinforced steel matrix composites via SHS-casting route in a Cu-Ti-C system. Cu can be easily adhered on the surface of samples during the sliding friction process, which influences the wear characteristics of the steel matrix composites. The wear mechanism of the Cu-Ti-C reinforced steel matrix composites can be concluded as follows. The wear mechanisms are micro-cutting and abrasive wear under the conditions of low and/or moderate load (59-90 N). Moreover, with the increase in Cu content and the applied load (90-110 N) besides the micro-cutting and abrasive wear, the adhesive wear can also be clearly observed on the wear surface of the test samples.
Conclusion
(1) The steel-matrix composites locally reinforced by in situ TiC particulates were successfully fabricated via the SHS-casting route using a Cu-Ti-C system with various Cu contents. The locally reinforced regions in the steel matrix composites mainly consisted of TiC, Cu and austenite, without any intermediate phases. With the increase in the Cu content, the interface bonding between reinforcing region and matrix became poor and the pores in the locally reinforced regions became fewer, the size of the ceramic particulates in the locally reinforced regions decreased.
(2) The hardness and wear resistance of the composites were significantly higher than those of the steel matrix. With the increase in the Cu content, the hardness value decreased monotonically, while the wear resistance of the reinforced region first increased and then decreased. The composite fabricated by the 20 wt.%-30 wt.% Cu-Ti-C system had the best wear resistance.
(3) The wear characteristics were micro-cutting and abrasive wear under the condition of low and/or moderate load (59-90 N). Moreover, with the increase in Cu content and the applied load (90-110 N) besides micro-cutting and abrasive wear, the adhesive wear could also be observed on the wear surface of the test samples.
